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ABSTRACT

The Seasonal Ice Zone Experiment (SIZEX), conducted in January 1992,
was designed as the European Space Agency's ERS-1 synthetic-aperature
radar (SAR) validation experiment. The satellite was placed in a three-day exact
repeat orbit, with ascending and descending passes which crossed the
Greenland Sea marginal ice zone. In conjunction with SAR imagery collected
by the Mansen Environmentai and Remote Sensing Center, the research vessel
HAKON MOSBY recorded meteorological data on station near the ice edge in
the Greenland Sea. The marginal ice zone was subjected to atmospheric and
oceanographic forcing during the 7-16 January period which resulted in
significant changes in ice edge morphology. As intense low-pressure systems
propagated across the Greenland Sea, strong easterly and northerly winds
dominated oceanic forcing and created a compact ice edge which correlated
with the 50% ice concentration isopleth from the SSM/I passive microwave
sensor. Conversely, during periods of weak atmospheric forcing, the ice edge
became diffuse and the ice edge morphology was determined by a variety of
oceanographic circulations. In such instances, the actual ice edge position was

well correlated with the SSM/I 30% ice concentration isopleth.
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I. INTRODUCTION AND BACKGROUND

A. PURPOSE

The marginal ice zone (MIZ), the interface between arctic pack ice and open
ocean, is a dynamic region which is influenced by the development and
translation of high latitude cyclones and anticyclones in the vicinity of the ice
edge. Conversely, over large regions, seasonal and short term shifts in the
position of the MIZ act to modulate the occurrence of cyclonic activity on a
synoptic time scale (Barry, 1986). The MIZ air-ice-sea processes and exchanges
determine the advance and retreat of sea ice, influence global climate, impact
marine productivity and effect naval operations (Johannessen et al., 1984). As
the physical characteristics of the MIZ change due to convergent or divergent
motion associated with the atmospheric and oceanic circulation, the atmospheric
boundary layer (ABL) and its effective drag coefficients are modified. Thorndike
and Colony (1982) have noted that the principle predictor of ice motion is the
wind.

Overland (1985) and Overland and Davidson (1992) concluded that the drag
coefficient is dependent upon the surface roughness and ABL stability. Because
the drag coefficient relates the surface stress on the ice to the wind speed, it is
considered a critical parameter in modeling regional ice motion. This
atmosphere-ice-ocean interaction remains poorly understood to date.

With the advent of synthetic-aperture radar (SAR) researchers now have an
unprecedented opportunity to obtain high resolution imagery of sea ice
unencumbered by cloud cover or darkness. Ice type classification, concentration

and drag coefficient determinations are now possible through remote sensing.




Ultimately this should improve our understanding of air-ice-sea interaction

processes.

B. OBJECTIVES

The primary goal of this research was to evaluate the effects of a synoptic
disturbance's strong winds and the associated wind shifts upon the MIZ
moiraology. Past studies have documented a relationship between the
interannual sea ice extent and atmosphaeric circulation patterns (Johnson, 1980).
Short term sea ice variations have been related to individual synoptic events
(Carleton, 1984 and Campbell et al., 1987) using microwave radiometer-derived
surface brightness temperatures. A significant drawback to these studies was
the poor resolution (effective pixel resolution of 30 square km) associated with
the sensor. Johannessen (1993) introduced a SAR conceptual model which
related commonly observed ice edge features to specific atmospheric and/or
oceanic forcing. An extensive literature search has failed to find studies relate
short term variations of the MIZ to individual cyclones or anticyclones using high
resolution SAR imagery.

The second goal of the study was to characterize the nature of the cyclones
which act to modify the morphology of the ice edge in an effort to better
understand the dynamics of the atmosphere-sea ice-ocean relationship. The low
pressure systems which propagated over the Greenland Sea were described in
terms of their residence time, intensity and speed of advance.

Finally, the East Greenland Sea ice edge position determined from the
interpretation of ERS-1 SAR imagery was compared to the ice edge position
inferred from ice concentration isopleths obtained from the Defense
Meteorological Satellite Program’s (DMSP) operational Special Sensor

Microwave Instrument (SSM/).




C. FORMAT

Chapter | describes the goals and objectives of the Seasonal ice Zone
Experiment (SIZEX) 1992. This research was based upon the data collected
during this experiment. Chapter | also summarizes related research in arctic and
marginal ice zone processes in an effort to provide the reader with an
appreciation of the complexity of MIZ air-ice-ocean interactions.

Chapter |l describes the various data sources for SIZEX 92 and their
anaiyses. A detailed account of a) the meteorology during the experiment; b)
observed changes in the MIZ morphology; and ¢) SSM/I ice concentration
iscpleths versus SAR ice edge positions, are provided.

Chapter lll summarizes the results and conclusions obtained during the
course of this research. Recommendations for future research efforts are also
included in this chapter.

Lastly, all figures referenced in a particular chapter may be found at the end

of the section where they were referenced.

D. BACKGROUND

Related studies were reviewed that concerned ice morphology and arctic
air-sea interaction. A brief description of the goals and data collection objectives
for SIZEX 1992 are presented below. The ocean surface circulation, physical
processes in the MIZ and climatology of the Greenland and Barents Seas were
reviewed to gain a better understanding of the environment.

SIZEX '92, a post-launched ERS-1 field experiment, was conducted
between January and March 1992 in the Greenland and Barents Seas. The
experiment was divided into two segments, designated as SIZEX | and SIZEX II.
SIZEX | was augmented with real time SAR, DMSP SSM/I and NOAA AVHRR




data. SIZEX Ii was conducted with the same suite of satellite sensors. Routine
SAR imagery was terminated after 24 March.

SIZEX | was conducted in the Greenland Sea between January 3-26. The
oceanography objectives focused primarily on the investigation of chimneys in
the Boreas Basin and Greenland Basin. Water masses were sampled and the
velocity structure was determined in each basin. The sampling objectives were
to identify deep or intermediate water masses which had been elevated to the
surface by preconditioning. ERS-1 validation objectives included the distinction
between open water and thin ice by SAR, the distinction among thin ice types
and validation of wind fronts and upper ocean circulation features outside the ice
edge as observed by SAR.

SIZEX I was conducted in the Barents Sea between February 24 and
March 25. Its objectives for ERS-1 validation included SAR sea ice classification
and a SAR ice motion algorithm. Additional objectives involved ice edge
processes such as eddies, jets and vortex pairs, and ambient noise
measurements with respect to ice interaction.

The overall objective of SIZEX '92 was to estimate and validate ice
parameters such as ice kinematics, ice concentration and ice type classification
derived from ERS-1 SAR. Ultimately real time estimates of these parameters will
be used in conjunction with atmospheric and oceanographic variables as input to
coupled air-ice-ocean models. This research dealt exclusively with data obtained
during SIZEX |.

1. Resuits of Past Field Experiments

A series of field experiments have been conducted in the eastern and
western arctic in order to study the air-ice-ocean interactions that influence the
local and hemispheric weather and climate. In 1984, the Marginal ice Zone

Experiment (MIZEX) field program was conducted in the East Greenland Sea
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using the scanning multichannel microwave radiometer (SMMR) and five
microwave (active and passive) remote sensing aircraft. The active and passive
microwave data obtained by the aircraft provided a comprehensive sequential
description of the mesoscale sea ice morphology of the Fram Strait MIZ and its
variations (Campbell et al., 1987). Figure 1 shows a series of sea ice
concentration maps depicting both the sea ice extent and concentration for the
period of June 8-30 1984. The ice concentration isopleths were computed using
a SMMR ice algorithm. The large footprint associated with the SMMR sensor
combined with the sharpness of the ice edge made it impossible to definitively
identify the position of the ice edge. However a comparison of the SMMR-
derived ice concentrations with high resolution aircraft observations showed that
for diffuse ice edges the 30% SMMR isopleth closely approximated the observed
ice edge position. Similarly, the 40-50% SMMR isopleths were well-correlated
with the compact ice edge.

Within the MIZ, ice morphology is dependent upon the combined effects
of atmospheric and oceanic forcing. One might anticipate that ice edge
characteristics are at least partially dependent on the direction and magnitude of
the wind. In turn, the surface stress imparted to the ice edge is a function of the
surface roughness. To complicate matters further, the respective contributions of
either mechanism vary from day to day and region to region. For instance, in the
vicinity of the East Greenland Current one may expect the regional-scale
oceanography to dominate atmospheric forcing in the absence of a strong
synoptic circulation.

Figure 2 from Campbell et al. (1987) shows the importance of the
atmosphere's role in changing MIZ morphology. In general, observations indicate
that strong winds tend to smooth MIZ morphology, regardiess of wind direction.

At first this may appear contrary to reason. However, wind-generated shear in
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the ice pack, internal ice stress and melting across the polar front may act to
smooth ice edge irregularities.

The wind-driven ice transport generally contains a component along the
ice edge. Results obtained by Shuchman et al. (1987) show that strong shear
occurs in the MIZ during strong wind events. Wind-driven ice transport normal to
the ice edge also tends to smooth large scale regions of the MIZ. For instance,
internal stresses produced by on-ice transport act to remove large-scale
irregularities or protuberances in the ice edge. Off-ice transport is subject to
rapid meilting as the ice drifts across the polar front into warm north Atlantic
water. Hence, the north Atlantic water acts as a barrier that restricts southward
ice transport (Campbell et al., 1987), yielding a more uniform ice edge that
reflects the horizontal temperature distribution in the region.

MIZEX '84 results also indicate that strong on-ice winds produced
pronounced variations in sea ice concentration gradients (the percent change in
ice concentration divided by the distance over which the change occurs). Off-ice
winds tended to relax the ice concentration gradient. lce divergence, in the
absence of strong currents, results from a greater aerodynamic roughness and
bulk drag coefficient in the ice edge region than in the interior (Guest and
Davidson, 1987).

The areal distribution and variable intensity values in SAR image data
are impacted by the same ice field characteristics (ice concentration, surface
roughness and floe size) that are responsible for variations in the drag coefficient.
Burns and Keliner (1988) conducted a study to determine the relationship
between these characteristics as derived from SAR and the drag coefficient in
the MIZ. Formulation of an effective drag coefficient in terms of ice
concentration, floe edge height, floe radius and roughness was devised which

qualitatively agreed with field observations, although it overestimated the drag in
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very rough areas. Nevertheless, this was an important step in utilizing SAR data
to estimate air-sea-ice interactions aiong the MIZ.

The first extensive SAR data collection in the Barents Sea was
conducted during SIZEX '89. An important part of the study was the analysis of
four SAR mosaics from the area between Bjornoya and Hopen. These mosaics
showed a complex and highly variable ice edge structure, consisting of ice
bands, ice tongues, eddies, open bights as well as unquantifiable features. The
images demonstrated quite clearly that our understanding of ice edge dynamics
was incomplete and that further research was required.

2. Ocean Surface Circulation and Physical Processes in the MIZ
a. Circulation

It is readily apparent from Figure 2 that strong winds play an
important role in affecting ice edge morphology. However it is equally clear that
another mechanism is responsible for significant changes in ice edge character
when atmospheric forcing is weak. This mechanism must be the ocean surface
circulation.

Surface circulation forcing of the ice edge remains uncertain.
Aagaard (1970) suggested that the wind stress within these regions is sufficiently
strong to account for the observed circulations. Worthington (1970) maintained
that thermohaline processes were the dominant forcing mechanism, while Mosby
(1962) proposed that the inflowing Atlantic water through the Faeroe-Shetland
Channel and outflowing water via the East Greenland Current forced the
circulation pattern.

(1) Greenland Sea. The bottom topography strongly influences
the circulation and distribution of the water masses (Johannessen, 1986).
Comparison of the bathymetry and circulation, Figures 3 and 4, suggests that the
East Greenland Current's eastern boundary is correlated with Gresnland's
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continental slope. Much of the inflow into the Greenland (and Barents) Sea is
through the Faeroe-Shetland Channel. There, the current follows the Norwegian
coast and a portion branches off into the Barents Sea. Another part follows the
continental slope northward towards Spitzbergen. As the surface water flows
northward, it follows one of two pathways. It either converges with the East
Spitzbergen Current, sinks and flows into the Arctic Ocean along the western
edge of Spitzbergen, or it branches westward into the East Greenland Current.
Hence, the circulation in the Greenland Sea takes the form of a large cyclonic
gyre.

(2) Barents Sea. The Norwegian Coastal Current and Norwegian
Atlantic Current (Figure 4) are the major inflows into the Barents Sea. Part of the
Norwegian Atlantic water penetrates directly into the Barents Sea while another
part closely parallels the Norwegian coast as the Norwegian Coastal Current.
Surface outflow occurs via the East Spitzbergen Current and Bear Island Current.

b. Physical Processes in the MIZ

(1) Wave-induced Breakup. As open ocean waves and swell
impinge upon the ice comprising the MIZ, a stress is placed on the floes, inducing
the ice to bend. If the stress is too large, the ice will break. If the northerly wind
stress component advects large areas of continuous ice sheet toward the ice
margin, open ocean waves can propagate through the sheet and induce breakup
in areas of structural weakness. Only the longest period swell propagates more
than a few kilometers into the ice. Thus wave-induced breakup is most
prominent in ice margins exposed to a long fetch of stormy sea (Wadhams,
1986).

As a first order approximation, one might conclude that the ice
field is characterized by a distribution of floe sizes with distance from the ice

edge. The local wave field at the ice edge would produce small floes. Ice slightly
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farther from the margin would be partially protected, as the floes seaward damp
the wave field. Hence, larger floes would not be susceptible to breakup. In this
manner, average floe size should increase with distance from the ice margin.
However, observations do not support this hypothesis. Rather, floes are more
mobile, have greater drag coefficients (due to rafting and numerous collisions
which produce deformation), and thus respond to the wind field. Wind may
advect large floes toward the ice margin, where they are subjected to the local
wave field. Additionally, ocean eddies along the ice edge are responsible for the
transport of ice floes toward the ice margin.

(2) Mass Transfer Associated with Eddies. The formation of large
amplitude meanders along the ice edge may indicate the presence of eddies. A
eddy can cause a loss of mass (in the form of ice floes) from the MIZ by drawing
ice toward the margin, where it either melts or disintegrates due to wave action.
These features are prevalent along the MIZ and can dominate ice morphology in
the absence of strong synoptic forcing.

(3) Lateral and Wave-induced Melting. [n addition to wave-
induced breakup, floes are advected by the wind field, producing regions of ice
drift divergence and open water leads. In such instances the heat transfer
mechanism for lateral melting is particularly efficient. If conditions are calm, the
absorption of solar radiation (summer months) is concentrated in the upper one
or two meters of the ocean. If conditions are not calm, turbulence and wind-wave
motion around the floe periphery increase the melt rate (Wadhams, 1986).
Furthermore, water can penetrate into structurally weak portion of the floe, thus
accelerating its breakup.

3. Greenland and Barents Seas Climatology
High latitude weather is closely tied to the location of the circumpolar

vortex, which describes the southern extent of the polar air masses into middle
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latitudes. The circumpolar vortex is the term given to the concentric pattern of
height contours centered about the pole. Regions of increased horizontal height
gradients correspond to zones of enhanced baroclinicity, along which fronts and
cyclones form. Figure 5 shows the January circumpolar vortex. Note the tight
spacing between the contours in winter months, implying a greater frequency and
intensity of cyclonic activity.

The winter (December-February) cyclone pattern depicted in Figure 6
from Serreze and Barry (1988) shows high frequencies between Spitzbergen
and Scandinavia and a separate area over the eastern Barents Sea. Serreze
and Barry (1988) suggest that there are significant regional differences in mean
cyclone pressures. Particularly, winter cyclones in the Barents and Greenland
Seas are much deeper than those formed in other regions. This tendency may
be attributed to a variety of factors. In passing over mostly ocean surfaces, the
cyclones may degrade more slowly from frictional effects than cyclones entering
from land surfaces (LeDrew, 1984). It is also likely that latent heat fluxes and
pronounced sea surface temperature gradients play an important role. One
descriptive parameter is the cyclone constancy, which is a measure of the
persistence in the direction of motion. That is, a high percentage implies that
cyclones within a region travel in much the same direction. The Barents and

Greeniand Seas are characterized by high constancy relative to other regions.

1Low pressure system totals in an equal area grid box were converted into
percent frequencies. Only systems that appeared on at least two consecutive
daily charts are included.

10
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Figure 1: Sea ice concentration plots depicting ice
extent and concentration (from Campbell et al,
1987)
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SURFACE WIND STRESS

Figure 2: Sea ice extent and concentrations.
Arrows represent wind stress (from Campbell et al,
1987)
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Figure 3: Bathymetry of the Greenland and Boreas
Basins. Contours are in hundreds of meters (from
‘Perry, et al., 1980)
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Figure 4: Major currents of the Nordic Seas (from
Trengeled, 1974)
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Figure 3-3. Mean 700-mb Chart for Mid-January (bl & Lakey, 1969).

Figure 5: January circumpolar vortex (from
Sechrist et al., 1989)
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Figure 6: Winter cycione percent frequencies,
1979-1985 (from Serreze and Barry, 1988)
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Il. DATA ANALYSIS

A. SIZEX METEOROLOGICAL DESCRIPTION

In order to relate strong wind events and wind shifts to changes in MIZ
morphology, it is first necessary to describe the passage of high pressure and
low pressure systems over the Greenland Sea during the SIZEX period.
Neglecting any localized ice-sea breeze effects, strong surface winds and wind
shifts are the result of high latitude cyclones transiting through the region.

A meteorological synopsis for SIZEX | was completed using several data
sources. The most valuable data source was the research vessel HAKON
MOSBY, stationed near the ice edge in the Greenland Sea. Environmental
observations including sea-level pressure, true wind direction and speed, relative
humidity and temperature were recorded at ten minute intervals, providing a
nearly continuous data set. The HAKON MOSBY environmental observations
are represented in time series format, shown in Figure 7.

National Meteorological Center (NMC) final analyses for the period 06-16
January 1992 provided a synoptic overview of the cyclones and anticyciones
which influenced the direction and magnitude of the wind field in the Greenland
Sea. Regional analyses from the Western Norway Forecasting Center in Bergen,
Norway were used to produce a detailed description of meteorological events,
including frontal positions, low pressure center positions and storm intensities.
Spectral Global Model (SGM) grid point height and wind fields were used to
gather observations which were not available on NMC or Norwegian final
analysis charts. Meteorological analyses for the period 06-16 January 1992 are
shown in Figures 8 through 28. HAKON MOSBY's position is represented by an
asterisk during periods when navigation data was available.
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